We present a computationally efficient transferable single-band tight-binding model (SBTB) for spin polarized transport in heterostructures with an effort to capture the band structure effects. As an example, we apply it to study transport through Fe-MgO-Fe(100) magnetic tunnel junction devices. We propose a novel approach to extract suitable tight-binding parameters for a material by using the energy resolved transmission as the benchmark, which inherently has the bandstructure effects over the two dimensional transverse Brillouin zone. The SBTB parameters for each of the four symmetry bands for bcc Fe(100) are first proposed which are complemented with the transferable tight-binding parameters for the MgO tunnel barrier for the ∆1 and ∆5 bands. The non-equilibrium Green's function formalism is then used to calculate the transport. Features like I-V characteristics, voltage dependence and the barrier width dependence of the tunnel magnetoresistance ratio are captured quantitatively and the trends match well with the ones observed by ab initio methods.
I. INTRODUCTION
Transport across multilayered heterostructures is a problem of great interest both for its intrinsic physics as well as its device applications [1] . Very often each of the component materials has been studied extensively on its own, but it is difficult to make use of this knowledge because various studies employ different models and it is difficult to combine their results. As a result, the only viable approach is to start anew for each heterostructure. The objective of this paper is to present a scheme for extracting suitable single-band tight-binding (SBTB) parameters for each of the component materials, thus translating the results of earlier studies all into one common SBTB platform which can then be used in a standard non-equilibrium Green's function (NEGF) based model for quantum transport. We illustrate our approach with an example of great current interest, namely an Fe-MgOFe magnetic tunnel junction (MTJ) device. We use the principles described in this paper to obtain the SBTB parameters for bcc Fe(100) from the extended Hückel parameters [2] and those for MgO from ab initio models [3, 4, 5] . Using these SBTB parameters, extracted from different sources, in an NEGF model for transport we obtain I-V characteristics, voltage dependence of tunnel magnetoresistance (TMR) ratios and barrier width dependence of TMR in good agreement with published first-principles results for the same structure.
Ab initio modeling of materials is at an advanced stage [6] . Coupled with the quantum transport, these models have been successfully applied to nanoscale systems and heterostructures. However, such methods are resource intensive, and simplified models that capture the essential physics due to the underlying electronic structure effects are desirable. Since the seminal work of studying material properties using tight binding parameters by Slater and Koster [7] , there has been a motivation to develop computationally efficient yet accurate models to capture the underlying physical mechanisms and the bandstructure effects. Such simple methods may or may not capture all the intricate details present in the more sophisticated models, e.g. ab initio, semi-empirical tightbinding [8, 9] and empirical tight-binding methods, but they do provide a platform for large scale calculations. The simplest method currently available in this context is an effective mass model. Although very successful for matching experiments, it is well known that it does not capture the electronic structure effects. We find the same for bcc Fe(100) because the band dispersions do not remain parabolic over the two dimensional (2D) transverse Brillouin zone (BZ). Furthermore, the energy bands have finite width, whereas bandwidth is infinite in continuum effective mass models and it depends on the lattice spacing in discrete effective mass models. Moreover, the various band edges shift over the 2D BZ and this shift is not necessarily dictated by the transverse mode energy 2 k 2 t /2m t , as prescribed by an effective mass model. Our objective in this paper is to propose a computationally efficient method for heterostructures with an effort to incorporate the physics of electronic structure effects over the 2D transverse BZ in the transport quantities. Motivated by this, we propose a single-band tight-binding (SBTB) model for transport through heterostructures and outline the procedure for extracting suitable tightbinding parameters. The computational complexity of this model is the same as that of an effective mass model.
Recently, Fe-MgO-Fe heterostructures have appeared as the most noteworthy example in spintronics [10] . These devices have emerged as one of the candidates for random access memory applications. The prediction of high tunnel magneto resistance (TMR) ratio for crystalline MgO barrier of over 1000% [11, 12] was followed by observations of about 200% TMR ratios at room temperature in Fe-MgO-Fe and CoFe-MgO-CoFe MTJ devices [13, 14] . Since then, there has been an increased effort to integrate them into practical devices. Although, ab initio [3, 4, 5, 11, 15, 16] and empirical tight binding [12] studies have been reported, their computational complexity limit their use for rapid device prototyping. This method not only allows simulating device characteristics efficiently but it also gives an inherently simple and intuitive understanding for the underlying device physics. A comparison between the SBTB and ab initio models is shown in Fig. 1 . For low bias, it matches well with Ref. [5] . At high bias, our model predicts TMR roll-off and ultimately becoming negative, which was later observed in Ref. [17] .
Our approach is to present SBTB parameters for different materials independently and then couple them across the interface. Instead of fitting the parabolic bands to the bandstructure to extract effective masses, we propose to match the energy resolved transmission. The energy resolved transmission plots reflect the band structure effects for the majority and the minority spin bands over the transverse BZ and we propose to capture this effect in an average manner with the SBTB parameters. As shown in Fig. 3 , the transmission is strongly dependent on the transverse BZ, and it is imperative to incorporate these effects. Thus, we first extract the SBTB parameters for bcc Fe(100) from the energy resolved transmission plots calculated using a semi-empirical atomistic method based on extended Hückel theory (EHT). Next, we propose the barrier parameters, for tunneling through the MgO region for the ∆ 1 and ∆ 5 bands by comparing with the
Band structure for the majority spin over the two dimensional transverse Brillouin zone computed using EHT. In general, the bands are not parabolic and hence an effective mass description is not valid. [20] . I-V characteristics through Fe-MgO-Fe calculated using ab initio methods [3, 4, 5] . Only ∆ 1 and ∆ 5 bands are considered and ∆ 2 and ∆ 2 ′ bands are ignored due to their large decay rates [11] .
This paper is divided into four sections. In Sec. II, we discuss the theoretical approach and the assumptions made. In Sec. III, we discuss the results. Finally, in Sec. IV, we provide the conclusions. 
II. THEORETICAL MODEL AND ASSUMPTIONS
To calculate the transmission for homogeneous materials using the SBTB method, for each band we start with the following Hamiltonian [18] ,
where E bo is the band offset and t o is the hopping parameter. This results in cosine dispersion as:
which gives a bandwidth of 4t o . Here a is the lattice spacing and k is the wave vector in the transport direction, where a = 4.2Å and 2.86Å for MgO and Fe respectively. This dispersion is exactly the same as that of an effective mass Hamiltonian discretized using the finite-difference method. However, in SBTB, t o is a constant whereas in effective mass approach it is inversely proportional to the lattice spacing. In SBTB method, each lattice point corresponds to a unit cell. Therefore, corresponding to a ten layer (five unit cells) device considered to calculate transmission using the EHT calculations, there are five lattice points in the SBTB model. The extracted SBTB parameters (E bo and t o ) for various bcc Fe(100) symmetry bands are shown in Table I . For heterostructures, the above Hamiltonian is modified depending on the device material. e.g., in our system the device is made up of a tunnel barrier, hence U L is the Laplace potential linearly dropped across the insulator region, which is added to the MgO Hamiltonian matrix as follows:
For MgO, the hopping parameters (t o ) and the band offsets (E bo = E f +U b ) are given in Table II . The method of extracting these band parameters will be explained later in this section. At the heterostructure interface, the off-diagonal elements are taken such that the resulting Hamiltonian is Hermitian to ensure that the energy eigenvalues are real and current is conserved [19] . Additionally, the effect of different interface structures may be incorporated by introducing additional SBTB parameter for the interface, and is left for future work.
We then use the equilibrium part of NEGF [19] to calculate the transmission (T ), which gives unity transmission in the bandwidth region due to the one-dimensional nature of the transport. Finally, the transmission per unit area is calculated analytically by summing over the 2D transverse BZ as:
where a = 2.86Å is the cubic Fe lattice constant. This equation is the key equation for the SBTB method, where the energy resolved transmission can be captured averagely by a suitable band width for a band specified by a single hopping parameter t o and the band offset E bo . We now present the method of extracting the suitable band parameters for bcc Fe(100) and MgO. Due to the 1D nature of the transport for the system under study, the transmission is unity within the bandwidth. Therefore, instead of matching the fine details in the transmission as shown in Fig. 3 due to the varying band offsets and bandwidths over the 2D transverse BZ, we capture the transmission in an average way by estimating the bandwidths and band offsets for the various symmetry bands. Unlike an effective mass model with infinite bandwidth, the finite bandwidth in SBTB model is important to match the transmission. Since this bandwidth equals 4t o (see eq. 2), the hopping parameters t o and band offsets E bo can then be calculated.
The transmission calculated for bcc Fe(100) using the EHT method serves as a benchmark for the SBTB calculations. Adapted from Ref. [20] and also shown in Table II , ∆ 2 and ∆ 2 ′ bands have d-type orbital symmetry. At k || = 0, the ∆ 5 band is doubly degenerate. The proposed individual band contribution to the energy resolved transmission per unit area using SBTB. Transmission per unit area through bulk Fe using EHT (solid line) and for ∆1, ∆2, ∆ 2 ′ and ∆5 bands using SBTB (dashed line) for the majority (left) and the minority (right) spin. The SBTB transferable parameters for these bands are estimated from their finite bandwidths in the energy resolved transmission and are shown in Table I .
However for k || = 0, this degeneracy is lifted. It is well established that the bands with d-type orbital symmetry are localized in energy and have smaller bandwidths due to reduced hybridization. We therefore attribute the two peaks in transmission due to the ∆ 2 ′ and ∆ 2 symmetry bands superimposed on the ∆ 1 and ∆ 5 bands as shown in Fig. 4 . We estimate the average bandwidths and band offsets from the above-mentioned analysis and subsequently extract t o . The transmissions for ∆ 1 , ∆ 2 , ∆ 2 ′ and ∆ 5 bands are shown in Fig. 4 . More sophisticated methods may be used for estimating the bandwidths, which is left for future work. For MgO parameterization, current through Fe-MgOFe is compared against ab initio studies [3, 4, 5] . In SBTB, the current density in P and AP configuration for each spin orientation is given as:
The ∆ 1 band current density in AP configuration is nearly zero due to its half-metallic nature, thus the total AP current density is dominated by the ∆ 5 band. We thus, systematically extract the parameters for ∆ 5 band and then for the ∆ 1 band by matching with the AP and the P current density respectively as given by the ab initio calculations [3, 4, 5] . t o is taken the same for both the bands and U b for the ∆ 1 and the ∆ 5 band is used as a fitting parameter. Hence, in the SBTB model for Fe-MgO-Fe MTJ there are three fitting parameters, U b for ∆ 1 and ∆ 5 bands and t o . It is worthwhile to mention here that unlike the Wentzel-Kramers-Brillouin (WKB) approximation, where only the product of effective mass 
III. DISCUSSION OF RESULTS
In Fig. 2 , the bandstructure of bcc Fe calculated using EHT is shown in the [100] direction for the majority spin for different values of k || . In general, over the 2D transverse BZ, these bands do not remain parabolic and hence it is not possible to represent these band dispersions by suitable effective masses. Furthermore, they also have different band edge E bo . We find a similar trend for the minority spin bands (not shown). Fig 3 is a plot of k || resolved equilibrium transmission at the Fermi energy using EHT for the majority and the minority spin. Here the peaks in transmission are not only present at the Γ point, but are dispersed throughout the BZ. Therefore, it is imperative to consider the transverse BZ while calculating the transport. This is also evident in the rich transmission features as shown in Fig. 5(a) for the majority and the minority spins using EHT. These features in transmission are due to varying band offsets and bandwidths for various k || over the transverse BZ.
In Fig. 5(a) , the energy resolved transmission (given by Eq. 4) calculated using SBTB is compared with one Table II and for Fe in Table  I . The low bias transport in the P configuration is dominated by the ∆1 band and in the AP configuration it is dominated by the ∆5 band.
calculated using EHT. In Fig. 5(b) , a comparison of integrated transmission using SBTB and EHT is shown for the majority and the minority spins. Even though the energy resolved transmission using SBTB matches qualitatively with EHT calculation, the integrated transmission for various energy windows match quantitatively, and this is the most relevant quantity for the quantum transport.
We also compare the low bias conductance for bcc Fe(100) calculated using SBTB and EHT methods. The low bias conductance (G o ) at finite temperature is given as [21] : 15 Sm −2 and 1.14 × 10 15 Sm −2 for the minority spin using SBTB and EHT respectively, which match reasonably with each other.
In Fig. 6 , the calculated current densities for ∆ 1 and ∆ 5 bands using the SBTB parameters are shown for a 4-layer Fe-MgO-Fe device. These parameters are transferable for various barrier widths and a quantitative agreement in current densities and TMR ratios is obtained with ab initio calculations [3, 4, 5] as shown in Fig. 1 . J P is dominated by the ∆ 1 band current density at low bias due to a lower potential barrier seen by the ∆ 1 band. On the other hand, the total AP current density is dominated by the ∆ 5 band. After a certain voltage, there is a sharp increase in AP current of ∆ 1 band due to its half-metallic nature. Due to this increase, there is a sharp roll-off in TMR, which ultimately becomes negative. These highbias predictions have also been reproduced in Ref. [17] . The TMR calculated using the SBTB method is shown Fig. 1 . TMR values match well with the ones obtained using the ab initio model in Refs. [3, 4, 5] . To the best of our knowledge, such a bias dependence and quantitative agreement has not yet been captured within a simple model whose computational efficiency is on the order of an effective mass model.
IV. CONCLUSIONS
We have presented a single-band tight-binding model for studying heterostructures with Fe-MgO-Fe(100) magnetic tunnel junction devices as an example due to their technological importance. We have tried to capture the band structure effects by using band parameters for various symmetry bands in the contacts and the barrier region. Features in TMR which are manifestation of the electronic structure of material were captured quantitatively within this simple model, whose computational complexity is on the order of an effective mass model. Within the same set of parameters, I-V characteristics, voltage dependence of TMR and thickness dependence of TMR were captured quantitatively. 
The real space Hamiltonian H( r) and the overlap S( r) matrices are transformed into Fourier ( k) space as :
H mn e 
where k = ( k x , k y , k z ). The integer n represents the center unit cell and m represents the neighboring unit cells. The band structure for the majority spin channel is shown in Fig. 2 for various transverse wave vectors. Next, the equilibrium transmission is calculated for a ten layer device (five unit cells) with an infinite cross-section. For calculating the transmission, we use the equilibrium scheme of NEGF formalism [19] . This calculation was also checked by a more simple numerical calculation by counting the independent propagating modes at a particular energy for bcc Fe. The infinite device cross-section area allows to transform the real space Hamiltonian and overlap matrices in the transverse direction to reciprocal space. Thus, for each transverse reciprocal k || = ( k y , k z ), we have a one dimensional (1D) lattice. Finally, the energy resolved transmission per unit area is obtained by summation over k || as: (10) and is shown in Fig. 4 for the majority and the minority spin channels, using 441 k || points.
